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photoresist film is developed to form a resist pattern.
According to the above method, the effective focal
depth of the projection aligner used is enhanced, and
moreover the reduction of the image contrast at the
photoresist film is made very small by the plural expo-
sure operations. Accordingly, a fine pattern can be
formed accurately on the substrate surface having the
topography.
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METHOD OF FORMING PATTERN AND
PROJECTION ALIGNER FOR CARRYING OUT
THE SAME

CROSS-REFERENCES TO THE RELATED
APPLICATION

This application is a continuation-in-part applica-
tion of an application U.S. Ser. No. 83,211 filed Aug. 10,
1987 U.S. Pat. No. 4,869,999.

BACKGROUND OF THE INVENTION

The present invention relates to a pattern forming
method for use in fabricating a semiconductor device, a
magnetic bubble device, a superconductive device and
others, and a projection aligner for carrying out the
method.

As is well known, a projection exposure method is
widely used for forming fine patterns such as a wiring
pattern in a semiconductor device and a transfer pattern
in a magnetic bubble device. Specifically, a reduction
projection exposure method is very useful in forming a
fine pattern. In the projection exposure method, how-
ever, the depth of focus or the focal depth of an expo-
sure optical system is greatly dependent upon the nu-
merical aperture of a projection lens and an exposure
wavelength. The focal depth of the projection lens is
inversely proportional to the square of the numerical
aperture thereof. When the numerical aperture is made
large to improve a resolution limit, the focal depth is
decreased. Thus, it is not easy to solve difficulties due to
the field curvature of the projection lens and the topog-
raphy of a substrate surface. A problem which arises in
forming a relatively fine pattern on a substrate surface
having a difference in level (that is, a topography), has
hitherto been solved by smoothing the substrate surface
through the well-known muiti-layer resist scheme.
However, it is impossible to make completely flat the
topography due to a large-area pattern by the above
method, and thus the image of mask pattern inevitably
becomes fuzzy at the top or bottom of the topography.

The multi-layer resist method is described in, for
example, the Journal of Vacuum Science and Technol-
ogy, B-1(4), 1983, pages 1235 to 1240. Further, various
reduction projection aligners are shown in the Semicon-
ductor World, June, 1984, pages 110 to 114, and other
publications.

Furthermore, Japanese patent application JP-A-58-
17,446 discloses the following method. That is, when a
fine pattern is formed on a substrate through the reduc-
tion projection exposure method, an exposure operation
is performed in a state that the substrate, a mask, or an
optical system vibrates in the direction of optical axis of
the optical system, to reduce variations in feature size of
the fine pattern.

With the recent increase in the integration density of
semiconductor integrated circuit, the pattern on a semi-
conductor integrated circuit is made fine, and the un-
evenness or difference in level (namely, the difference
in height between the top and the bottom of the topog-
raphy) of the substrate surface is made large. Accord-
ingly, it is required to devise an appropriate counter-
move for the large unevenness or level difference. In a
case where the projection exposure method is used for
pattern formation, in order to form a fine pattern accu-
rately on a substrate surface having large unevenness or
a large level difference, it is necessary to make very
large the focal depth of a reduction projection aligner
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used. However, when the numerical aperture of a pro-
jection lens is made large to improve a resolution limit,
the focal depth of the aligner becomes small. Further,
owing to the field curvature of the projection lens, the
image plane of a mask is not a perfect plane. Accord-
ingly, it is very difficult to form the image of a mask
pattern accurately at the top and the bottom of the
topography of an exposure area of a substrate surface.

Further, as has been already described, it is impossi-
ble to make completely flat the topography of a sub-
strate surface due to a large-area pattern, by the multi-
layer resist method. Even if the topography is made
completely flat, it will be very difficult to form a fine
pattern accurately on the substrate surface, since the
field curvature of a projection lens makes it impossible
to make the image plane of a mask pattern coincident
with the substrate surface.

Further, according to the method, in which an expo-
sure operation is performed in a state that a substrate or
a mask and an optical system vibrate in the direction of
an optical axis, it is possible to form the image of a mask
pattern at the top and bottom of the topography of a
substrate surface. However, it has been found by-the
inventors’ investigation that when an exposure opera-
tion is performed in a state that a substrate, a mask, or an
optical system vibrates in the direction of an optical
axis, the image of the mask formed on the substrate is
extremely small in contrast, and thus it is very difficuit
to form a fine pattern very accurately by developing a
photoresist film which has been irradiated in accor-
dance with the above image. The reason for this is not
clear, but it is considered that when an exposure opera-
tion is performed in a state that one of the substrate, the
mask and the optical system vibrates in the direction of
the optical axis, an exposure period corresponding to-
the upper and lower portions of the amplitude of the
vibration is far shorter than an exposure period corre-
sponding to a central portion of the amplitude, a fuzzy
image of the mask is formed strongly at the top of the
topography of a substrate surface, for example, and the
fuzzy image reduces the image contrast in a great de-
gree.

SUMMARY OF THE INVENTION

An object of the present invention is to provide a
pattern forming method which can solve the above-
mentioned problems of the prior art and can form a fine
pattern accurately on a substrate surface having a large
level difference.

Another object of the present invention is to provide
a pattern forming method which can form the high-con-
trast image of a mask pattern on a substrate surface
having a large level difference.

A further object of the present invention is to provide
a pattern forming method, in which even when a pro-
jection lens having a large numerical aperture is used,
the effective focal depth of an optical projection system
is not decreased, but the image of a mask pattern is
formed accurately at the top and the bottom of the
topography of a substrate surface.

In order to attain the above objects, according to the
present invention, an exposure operation for exposing a
photoresist film through a mask is performed succes-
sively or at the same time at different positional rela-
tions in the direction of an optical axis between the
photoresist film and the image plane of a mask pattern
(that is, a plane containing that image of mask pattern
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which is in focus). In other words, a first exposure oper-
ation is performed in a state that the image plane of the
mask pattern is formed at the top (or bottom) of the
topography of a substrate surface or in the vicinity of
the top (or bottom), and a second exposure operation is
performed in a state that the image plane of the mask
pattern is formed at the bottom (or top) of the topogra-
phy or in the vicinity of the bottom (or top). In a case
where a substrate surface has a highly-elevated topogra-
phy (that is, a large difference in level), a third exposure
operation is additionally performed in a state that the
image plane of the mask pattern is formed at an interme-
diate position between the top and bottom of the topog-
raphy.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a graph for explaining the principle of the
present invention.

FIGS. 2a and 2b are sectional views showing the
positional relations between a substrate and the image
plane of a mask pattern according to the present inven-
tion.

FIG. 3 is a block diagram showing an example of a
projection aligner according to the present invention.

FIG. 4 is a flow chart for explaining the operation of
the projection aligner of FIG. 3.

FIGS. 5a and 5b are schematic diagrams showing
exposure operations which are performed at different
positional relations between a substrate and the image
plane of a mask pattern in accordance with the present
invention.

FIGS. 6a and 6b are timing charts for explaining the
double exposure operation according to the present
invention and a single exposure operation according to
a conventional method.

FIGS. 7a and 7b are sectional views showing the
other embodiment using reversible transmission film.

FIGS. 8a, 8b, 8c and 8d are sectional views showing
further the other embodiment using reversible transmis-
sion film.

FIGS. 9a and 9b are sectional views showing the
positional relations between a substrate and the image
plane of a mask pattern in accordance with the present
invention.

FIG. 10 shows a relationship between the intensity of
exposure light and the sensitivity of the OMR 83.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

It has been found by the inventors’ investigation that
the effective focal depth of an exposure optical system
can be increased by overlapping a plurality of light
beams having image points at different positions on an
optical axis, and thus the image of a mask pattern can be
formed accurately in a region between the top and the
bottom of the topography of a substrate surface. The
term “image point” indicates a point on the conjugate
plane of the mask pattern with respect to the exposure
optical system. Accordingly, when an exposure opera-
tion for exposing a substrate coated with a resist layer to
exposure light through a mask is performed a plurality
of times at different positional relations in the direction
of the optical axis between the resist layer and the image
plane of a mask pattern, or when exposure operations at
the different positional relations are simultaneously
performed, the image of the mask pattern can be accu-
rately formed not only at the top and the bottom of the
topography of a substrate surface but also at an interme-
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4
diate position between the top and the bottom of the
topography. Thus, a fine pattern can be formed accu-
rately all over the topography.

Furthermore, according to the present invention, a
plurality of positions on the optical axis which are sepa-
rated from each other, are previously set, and the expo-
sure operation is performed only when a reference
plane in the substrate or the image plane of the mask
pattern is placed at each of the above positions. Accord-
ingly, unlike the conventional method, in which an
exposure operation is performed in a state that a sub-
strate vibrates in the direction of optical axis, there is no
fear of a substrate surface receiving a large quantity of
light in a state that the image plane of a mask pattern is
formed in a region between the top and the bottom of
the topography of the substrate surface, that is, light
incident on the substrate surface in the above state does
not exist, or is very little, if any. Hence, the image of
mask pattern formed on the substrate surface is excel-
lent in contrast, and thus a fine pattern can be formed
accurately on a substrate surface having a highly-
elevated topography.

FIG. 1 shows relations between the distance on an
optical axis and the image contrast at a plane perpendic-
ular to the optical axis for a case where an exposure
operation for exposing the substrate surface to exposure
light through a mask having a mask pattern correspond-
ing to a 0.7 wm line-and-space pattern to be formed on
a substrate is performed only once, and for a case where
the above exposure operation is performed twice in
such a manner that the image plane of the mask pattern
is formed at two positions in (or over) a substrate which
are separated apart from each other in the direction of
the optical axis. In FIG. 1, curve a indicates a case
where the exposure operation is performed only once,
and curves b, ¢ and d indicate cases where the exposure
operation is performed twice and the distance between
two positions, at which the image plane of the mask
pattern is formed, is made equal to 3 wm, 3.5 um and 5
pm, respectively. Further, in FIG. 1, the origin on the
optical axis is given by the intersection of the optical
axis and that image plane of the mask pattern which is
formed when the exposure operation is only once, or by
the center between the intersections of the optical axis
and those image planes of the mask pattern which are
formed when the exposure operation is performed
twice. When the exposure operation is performed twice
in such a manner that an image point of a mask pattern
is formed at different positions as shown in FIGS. 2a
and 2b, the image contrast at a substrate surface be-
comes weaker as compared with a case where the expo-
sure operation is performed only once, but can take a
value greater than a predetermined value in a wide
range in the direction of the optical axis. However,
when the distance between the image planes of mask
pattern formed in the above manner is made too large,
the image contrast at the centrai plane between the
image planes is lowered. Accordingly, by appropriately
selecting the distance between the image planes, the
image contrast exceeding a predetermined value can be
obtained in a desired range in the direction of the optical
axis. An increase in effective focal depth of an exposure
optical system obtained by the present invention is de-
termined by a resist material, a developer, a contrast
enhancing material, and the lower limit of image con-
trast capable of delineating a desired pattern. Referring
to FIG. 1, in a case where the distance between the
image planes of the mask pattern is made equal to 3.5
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pm to obtain the curve ¢, when the lower limit of image
contrast is equal to 0.5, the increase in effective focal
depth of the exposure optical system is 45%. When the
lower limit of image contrast is equal to 0.4, the increase
in effective focal depth is about 70%. Further, when the
exposure operation is performed three times in such a
manner that the image plane of the mask pattern is
formed at three different positions, the increase in effec-
tive focal depth is about 150%.

In order to delineate a pattern accurately on a resist
film at the top and the bottom of the topography of a
substrate surface existing in an exposure area, it is desir-
able to make an image contrast greater than a lower
limit in a range in the direction of optical axis which is
determined by the field curvature of projection lens, the
flatness of the substrate surface and the distance be-
tween the top and the bottom of the topography of the
substrate surface. It is needless to say that the lower
fimit of the image contrast is dependent upon a develop-
ing operation, an exposure method and others.

For example, in a case where a contrast enhancement
lithographic method (namely, CEL operation) is used,
the lower limit of image contrast is about 0.3, that is, a
favorable resist pattern can be formed by making the
image contrast greater than 0.3. In a case where a high-
7 resist such as the TSMR 8800 (trade name) manufac-
tured by Tokyo Ohka Kogyo Co. Ltd. and having a
~v-value of 3.0 or more is used, it is desirable to put the
image contrast higher than 0.3 or 0.5. Further, in a case
where an ordinary resist such as the MP 1300 (trade
name) manufactured by Shipley Co is used, it is desir-
able to put the image contrast higher than 0.8 or 0.9.
While, in the projection exposure method, the image
contrast can be kept at a favorable level only in the
vicinity of the image plane of a mask pattern, and the
image contrast at a plane decreases abruptly when the
distance between the plane and the image plane be-
comes large. :

The image contrast which is obtained by performing
an exposure operation a plurality of times in such a
manner that the image plane of a mask pattern is formed
at a plurality of positions in (or over) a substrate which
are spaced apart from each other in the direction of an
optical axis, is about the means value of image contrasts
each obtained by one exposure operation. Accordingly,
even in a case where it is impossible to obtain a desired
image contrast in a predetermined range in the direction
of the optical axis by one exposure operation, the de-
sired image contrast can be obtained in the predeter-
mined range by performing a plurality of exposure op-
erations in such a manner that the image plane of the
mask pattern are formed at a plurality of positions in {or
over) the substrate which are spaced apart from each
other in the direction of the optical axis.

EMBODIMENT I

An embodiment of the present invention will be ex-
plained below, with reference to FIGS. 24 and 2b.

As shown in FIG. 24, a photoresist layer 2 is formed
on a silicon substrate 1. Thereafter, the image of a mask
pattern is formed on the photoresist layer by a projec-
tion aligner (not shown), and then the photoresist layer
is developed. In the above, exposure is carried out in the
following manner. Referring to FIG. 2a, a first expo-
sure operation is performed in a state that an image
point of a mask (not shown) due to light b is formed at
a point 3 (hereinafter referred to as “first image point™).
Then, a stage mounted with the substrate 1 is moved in
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the direction of an optical axis till the above image point
reaches a position 4 in the substrate 1, as shown in FIG.
2b, and a second exposure operation is performed. The
point 4 will hereinafter referred to as “second image
point”. Incidentally, the RA101HL-type reduction pro-
Jjection aligner manufactured by Hitachi Ltd., is used as
the above projection aligner. In order to find effective
focal depth, exposure was carried out for many values
of the distance between the first image point 3 and the
substrate 1 in the direction of the optical axis while
fixing the distance between the first and second image
points to 3.5 pum, and it was found that the positional
range of the first image point capable of delineating a
0.7 pm line-and-space pattern accurately, that is, the
effective focal depth for this pattern was about 6 um.
While, the focal depth according to the conventional
method, in which only one exposure operation was
performed, was about 3.5 pm. That is, the present in-
vention can increase the focal depth by about 70%.

Further, in a case where the substrate 1 had a topog-
raphy at the surface thereof, when the distance between
the top and the bottom of the topography exceeded
about 1.6 um, it was impossible to delineate the above
pattern accurately by the conventional method. Ac-
cording to the present embodiment, even when the
distance between the top and the bottom of the topogra-
phy exceeded 4.0 pm, it was possible to delineate the
pattern accurately. That is, according to the present
embodiment, the above pattern can be formed accu-
rately on a substrate surface having a topography three
times higher than that allowed in the conventional
method. :

In the above embodiment, the TSMR 8800 (trade
name) manufactured by Tokyo Ohka Kogyo Co. Ltd.
was used for forming the photoresist layer 2. However,
the photoresist layer is not limited to the TSMR 8800,
but may be made of positive resist materials such as the
MP 1400 (trade name) manufactured by Shipley Co.,
the OFPR 5000 (trade name) manufactured by Tokyo
Ohka Kogyo Co. Ltd., and the AZ 1300 SFD (trade
name) manufactured by Hochst A.G. Further, the pho-
toresist layer may be made of negative resist materials
belonging to the polyvinyl-phenol group such as the
RD 2000 N (trade name) and the RU 1000 N (trade
name) both manufactured by Hitachi Chemical Co.
Ltd., or made of a negative resist material belonging to
a cyclorubber group such as the CBR (trade name)
manufactured by Japan Synthetic Rubber Co. Ltd. Fur-
ther, in the present embodiment, a projection lens had a
numerical aperture of 0.42, and an exposure wavelength
was 365 nm. However, even when the projection lens
had a different numerical aperture and the exposure
wavelength had a different value, the remarkable effect
of the present embodiment was obtained. Furthermore,
in the present embodiment, the image plane of a mask
pattern was formed at two different positions in (or
over) the substrate by displacing the substrate in the
direction of an optical axis. Alternatively, the image
plane of the mask pattern may be formed at different
positions by moving a reticle having a mask pattern in
the direction of the optical axis, by introducing a trans-
parent material different in refractive index from air
into an exposure optical system, by changing the atmo-
spheric pressure in the whole or a portion of the expo-
sure optical system, by using a lens having a multiple
focal point, by overlapping light beams from a plurality
of exposure optical systems which form the image plane
of a mask pattern in different pianes, or by using differ-
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ent wavelengths or a continuous wavelength in the
same exposure optical system.

EMBODIMENT 11

A pattern is formed on a substrate by the wellknown,
three-layer resist method. That is, an organic film, an
inorganic film and a resist film are formed as the bot-
tom, middle and top layers of a three layer structure on
the substrate, respectively. The organic film serving as
the bottom layer is formed in such a manner that the PB
3900 B (trade name) manufactured by Hitachi Chemical
Co. Ltd. is applied on the substrate by spin coating, and
then subjected to a heat treatment at about 200° C.
Alternatively, the bottom layer may be formed of any
one of various films which can be used as the bottom
layer in the three-layer resist method such as a heat-
treated ordinary resist film and a poly-imide film. The
inorganic film serving as the middle layer is formed of
an SiO; layer which is obtained by the SOG (spin on
glass) method. Alternatively, the middle layer may be
formed of any one of various films capable of acting as
the middle layer in the three-layer resist method such as
an SiO; film due to chemical vapor deposition, an SiO;
film due to sputtering, an SiN film due to plasma depo-
sition and a TiO; film due to plasma deposition.

Next, as in the EMBODIMENT I, an exposure oper-
ation is performed twice in such a manner that the
image plane of a mask pattern is formed at different
positions, and then development is carried out to form a
resist pattern in the top layer.

The cross-sectional profile of the resist pattern thus
obtained is slightly rounded, as compared with that in a
conventional method including only one exposure oper-
ation, but the resist pattern can act satisfactorily as a
mask for patterning the inorganic film (namely, middle
layer). Thus, a favorable final pattern can be formed
without being affected by the rounded cross-sectional
profile of the resist pattern. Similarly to the EMBODI-
MENT 1, the focal depth in the present embodiment
was about 1.8 times larger than the focal depth in the
three-layer resist method using only one exposure oper-
ation. As mentioned above, in the present embodiment,
the three-layer resist method is combined with the pres-
ent invention to increase the focal depth without de-
grading the pattern formed in the bottom layer.

EMBODIMENT 111

The photoresist layer in the EMBODIMENT 1 is
coated with a well-known contrast enhancing material
which is varied in light transmissivity when irradiated
with ultraviolet rays so as to improve the image con-
trast at the material. Then, as in the embodiment I, an
exposure operation is performed twice in such a manner
that the image plane of a mask pattern is formed at
different positions. According to the present embodi-
ment, the roundness in the cross-sectional profile of
resist pattern and a reduction in the remaining film
thickness are greatly suppressed. Thus, in a wide range
in the direction of an optical axis, the cross-sectional
profile of a resist pattern and the remaining film thick-

ness are substantially the same as in a case where a resist

pattern is formed at the best focal position in a conven-
tional method.

The cross-sectional profile of a resist pattern can be
improved not only by the contrast enhancing material
but also by a high-contrast process in which a high-con-
trast developer or high-contrast resist material is used.
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According to the present embodiment, even when
the distance between the first and second image points
was made greater than 3.5 um, the degradation of the
cross-sectional profile of resist pattern and the reduc-
tion in the remaining film thickness were prevented by
the contrast enhancement effect, and thus a practically
usable pattern was formed in a wide range in a direction
parallel to an optical axis. When the contrast enhancing
method and the present invention were combined with
the three-layer resist method, the focal depth, the di-
mensional accuracy and the cross-sectional profile of
resist pattern were further improved, and a favorable
pattern was formed.

Further, when the exposure operation was performed
three times in such a manner that the image plane of a
mask pattern was formed at three different positions
which were disposed at intervals of 3.5 pum along the
optical axis, the effective focal depth was about 2.5
times larger than that in the conventional method. The
multiple exposure, in which the image plane of a mask
pattern was formed at a plurality of different positions,
was very effective for isolated transparent portion of a
mask such as a hole (or aperture) pattern and a groove
pattern (space pattern), and improved the focal depth
specifically in these cases.

The present invention was used for various mask
patterns, and it was found that the focal depth was made
largest by making the distance between the first and
second image points nearly equal to a focal depth in the
conventional method.

In the conventional method, the focal depth is depen-
dent upon the feature size and shape of a mask pattern.
Accordingly, the optimum distance between the first
and second image points in the present invention is not
limited to the values mentioned in the EMBODI-
MENTS I and III, but varies with the feature size of the
mask pattern, and thus the most favorable result will be
obtained by making the distance between the first and
second image points nearly equal to a most severe focal
depth.

The CEL (contrast enhancement lithographic)
method using a contrast enhancing material is described
in the IEEE Electron Device Letter, Vol. EDL-4, No.
1, January, 1983, pages 14 to 13.

According to the present invention, in a case where
two patterns (for example, contact holes) independent
of each other are formed at the top and the bottom of a
topography, an exposure operation is performed in a
state that the image plane of a mask is formed at one of
the top and the bottom of the topography, and then
another exposure operation is performed in a state that
the image plane is formed at the other. When an expo-
sure operation is performed in a state that the image
plane of the mask is formed at one of the top and the
bottom of the topography, the other is also illuminated
with exposure light, but light incident upon the other is
out of focus and does not disturb the formation of pat-
tern at the topography. In this case, the difference in
height between the top and the bottom of the topogra-
phy and the distance between the first and second image
points are not subject to special limitations.

Accordingly, a fine pattern can be accurately formed
at the top and the bottom of a highly-elevated topogra-
phy, though it is impossible to obtain such an accurate
pattern by the conventional method. However, in a case
where a continuous pattern is formed between the top
and the bottom of a topography, for example, a wiring
pattern is extended from the surface of a thick insulating



4,904,569

9

film formed on a substrate surface to the substrate sur-
face, when the distance between the first and second
image points in a direction parallel to an optical axis is
made too large, the image contrast at a region corre-
sponding to the center between the first and second
image points is decreased to a marked degree, as indi-
cated by a curve d in FIG. 1, and thus it becomes very
difficult to form a favorable pattern. Accordingly, in a
case where the difference in height between the top and
the bottom of a topography is so large that it is obliged
to perform an exposure operation twice in such a man-
ner that the image plane of a mask pattern is formed at
different positions which are spaced apart from each
other a long distance, it is preferable to increase the
number of exposure operations and to shorten the dis-
tance between the different positions, that is, the dis-
tance between adjacent image points. The distance be-
tween adjacent image points for obtaining a favorable
result is dependent upon the optical condition such as
numerical aperture, exposure wavelength, the kind .of
resist material used, a developing condition, and the
feature size of a pattern to be formed. However, when
the distance between adjacent image points is made less
than about 3.5 um, a fine pattern having a line width of
0.5 um or less can be formed accurately on a substrate
surface having a highly-elevated topography. When the
distance between adjacent image points is made too
small, the effect of the present invention is lost. Accord-
ingly, it is desirable to make the distance between adja-
cent image points greater than or equal to | pm. Prefer-
ably, the distance between adjacent image points is put
in a range from | to 3.5 um.

EMBODIMENT 1V

FIG. 3 shows an embodiment of a projection aligner
according to the present invention. Referring to FI1G. 3,
the present embodiment is made up of a reticle 11, an
optical system 12 for projection, a substrate stage in-
cluding an X-Y stage 13 and a Z-stage 14 (where a
Z-direction is parallel to the optical axis of the present
embodiment, and X- and Y-directions are defined in a
plane perpendicular to the optical axis), an X-Y sensor
15 for detecting the position of the X-Y stage 13, a
Z-sensor 16 for detecting the position of the Z-stage 14,
a control system for controlling the whole of the pres-
ent embodiment, and various elements used for operat-
ing an ordinary projection aligner. The control system
includes a computer 17 for controlling various opera-
tions in the present embodiment, a shutter control sys-
tem 18 for opening and shutting an exposure shutter on
the basis of 2 command from the computer 17, an X-Y
stage control system 19 for moving the X-Y stage to a
specified position, a Z-stage control system 10 for mov-
ing the Z-stage to a specified position, and a multi-image
using exposure control system 21 for instructing the
movement of a substrate in the direction of the optical
axis and for issueing a command to the shutter control
system 18. The computer 17 and the systems 18, 19, 10
and 21 are connected to one another through a bus.

Exposure areas on a substrate and an exposure mode
for each exposure area are previously stored in the
computer 17. The term *‘exposure mode” means the
number of positional relations between a substrate and
the image plane of the reticle 11 which are used in
performing a plurality of exposure operations for the
same position on the substrate, the position of the image
plane on the optical axis, and the quantity of light inci-
dent on the image plane at each positional relation. In a
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case where the exposure modes for a plurality of expo-
sure areas indicate the use of a single positional relation
between the substrate and the image plane, the com-
puter 17 performs an exposure operation for the expo-
sure areas in accordance with the ordinary step and
repeat method. In a case where the exposure mode for
an exposure area indicates the use of two or more posi-
tional relations, the computer 17 drives the X-Y stage 13
through the control system 19 so that the above expo-
sure area of the substrate is moved to the exposure
position of the present embodiment, and then exposure
operations are performed in accordance with an expo-
sure sequence given by the multiimage using exposure
control system 21. FIG. 4 shows the operation sequence
of the present embodiment for a case where two posi-
tional relations between the substrate and the image
plane are used at every exposure area.

Next, the operation of the present embodiment wiil
be explained, with reference to FIG. 4. The multiimage
using exposure control system 21 drives the Z-stage 14
so that the substrate 23 is disposed for an image point 24
(of the reticle 11) as shown in FIG. 5a. At this time, the
substrate is moved in the X- and/or Y-direction with
the movement of the Z-stage. However, the movement
of the substrate in the X- and/or Y-direction is fedback
to the X-Y stage control system 19 with the aid of the
X-Y sensor 15, and thus the X-Y stage 13 is moved so as
to compensate the movement of the substrate in the X-
and/or Y-direction. That is, the substrate is moved only
in the direction of the optical axis. When it is confirmed
that the substrate is located accurately at a specified
position, the multi-image using exposure control system
21 instructs thé shutter control system 18 to perform a
first exposure operation for a period which is specified
for the above positional relation between the substrate
and the image point. After it has been confirmed that
the first exposure operation is completed, the multi-
image using exposure control system 21 again moves
the substrate in the direction of the optical axis so that
the substrate 23 is disposed for the image point 24 as
shown in FIG. 5b. Then, a second exposure operation a
case where three or more positional relations between
the substrate and the image point (that is, image plane)
are used, an exposure operation is performed each time
one of the positional relations is set. When the above
processing for an exposure area on the substrate is com-
pleted, the computer 17 drives the X-Y stage 13 so that
the next exposure area on the substrate is placed at the

-exposure position of the present embodiment. FIG. 6a is

a timing chart showing the above sequence. As men-
tioned above, the multi-image using exposure control
system 21 moves the substrate in the Z-direction and
performs an exposure operation a plurality of times,
each time the substrate is moved in the X- and Y-direc-
tions to reach the exposure position of the present em-
bodiment. FIG. 6b shows a case where an exposure
operation for every exposure area is performed only at
a single positional relation between the substrate and the
image plane of the reticle, by way of reference. In a
conventional apparatus, an exposure operation is per-
formed only in the sequence of FIG. 6b.

In the above explanation, an exposure operation is
performed after the Z-stage has been moved in the
direction of the optical axis. However, the muilti-image
using exposure control system 21 can carry out the
exposure operation and the movement of the Z-stage at
the same time.
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Further, in the above explanation, after a plurality of
exposure operations have been performed for an expo-
sure area on a substrate, the control system of the em-
bodiment moves the next exposure area on the substrate
to the exposure position of the present embodiment.
However, in case where the same exposure mode is
applied to all the exposure areas on the substrate, it is
not required to carry out the exposure processing in the
above sequence. For example, a substrate surface is
spaced from the image plane of the reticle by —2 pm in
the direction of the optical axis, and then the exposure
operation is performed for all the exposure areas on the
substrate surface by the step and repeat method. Then,
the substrate surface is spaced from the image plane by
+2 um in the direction of the optical axis, and the
exposure operation is again performed for all the expo-
sure areas. It is needless to say that the substrate is fixed
to the Z-stage during the above processing.

The images of a lattice pattern having a period of 1
um and an aperture pattern having a diameter of 0.5 pm
were formed on each of substrates having surface to-
pographies different in height. According to a conven-
tional method, in which an exposure operation was
performed only at one positional relation between the
substrate and the image plane of the reticle, the images
of the above patterns were delineated accurately at the
top and the bottom of a topography, provided that the
difference in height between the top and the bottom of
the topography was less than 0.5 pm. While, according
to the present embodiment, an exposure operation was
performed twice in such a manner that the image of the
reticle was formed at two positions which were dis-
posed so as to sandwich the surface of a resist film there-
between and were spaced apart from each other a dis-
tance of 3 wm in the direction of the optical axis. In this
case, the images of the patterns were delineated accu-
rately at the top and the bottom of a topography having
a height of 2 um. Further, for the above aperture pat-
tern, the image of the aperture pattern was delineated
accurately at the top and the bottom of a topography
having a height of 10 um, by disposing the substrate at
three positions which were appropriately set at inter-
vals of 3 um in the direction of the optical axis and by
performing an exposure operation in a state that the
substrate was disposed at each of the above positions.

The effect exhibited by the present embodiment is
further enhanced by using the multi-layer resist method,
a high-contrast developer, a high-contrast resist mate-
rial, and a contrast enhancing material. In the present
embodiment, the positional relation between the sub-
strate and the image plane of the reticle is varied by
moving the substrate stage in the direction of the optical
axis. However, the present invention is not limited to
the above method, but can use other methods. For ex-
ample, the distance between a reference plane in the
substrate and the image plane of the reticle may be
varied by changing the pressure of a gas which is intro-
duced into a hermetically sealed region formed between
a pair of lenses, or by moving the reticle or a lens in the
direction of the optical axis.

Further, when a projection aligner using an excimer
laser as a light source was provided with the multi-
image using a exposure control system, the effective
focal depth was increased as in a case when a projection
aligner using uitraviolet rays such as the i-line, the g-
line, etc. carries out a multi-image using exposure
method. Thus, a problem peculiar to an excimer laser
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projection aligner that the focal depth was insufficient,
was solved.

Further, when the optical system for exposure was
formed of a telecentric system, the change in reduction
ratio caused by varying the position of the image plane
of the reticle was eliminated, and thus the dimensional
accuracy of a pattern was improved all over the surface
of a semiconductor chip.

EMBODIMENT V

Another embodiment of a projection aligner accord-
ing to the present invention is different from the em-
bodiment described in the EMBODIMENT 1V, in that
a flat plate or lens which is different in refractive index
from air and made of a transparent meterial for an expo-
sure wavelength, is inserted into and withdrawn from
the optical system. The thickness and refractive index of
the flat plate (or lens) and the inclination of the flat plate
(or lens) to the optical axis are set or adjusted so that
when the flat plate (or lens) is inserted into the optical
system, the image plane of the reticle is moved in the
direction of the optical axis by a predetermined dis-
tance. Further, in the present embodiment, a plurality of
flat plates (or lenses) which are different in thickness
and refractive index from each other, can be inserted
into the optical system, and thus the position of the
image plane can be varied by inserting all or some of the
flat plates (or lenses) into the optical system. The inser-
tion of the flat plate (or lens) into the optical system and
the withdrawal of the flat plate (or lens) from the opti-
cal system are controlled by the multiimage using expo-
sure control system described in the EMBODIMENT
IV. Accordingly, exposure can be made in the follow-
ing manner. That is, an exposure operation for an expo-
sure area is interrupted, and the flat plate (or lens) is
inserted into the optical system to change the position of
the image plane of the reticle. The same experiments as
described in the EMBODIMENT 1V were done by
using the present embodiment, and it was confirmed
that the same results as in the EMBODIMENT 1V
were obtained by the present embodiment.

EMBODIMENT VI

A further embodiment of a projection aligner accord-
ing to the present invention.is different from the em-
bodiment described in the EMBODIMENT 1V, in that
the optical system for exposure is disposed, as a whole,
in a hermetically sealed vessel, and the pressure within
the hermeticaily sealed vessel can be changed rapidly to
a desired value. Thus, exposure can be made in the
following manner. That is, an exposure operation for an
exposure area is interrupted, and the pressure within the
hermetically sealed vessel is rapidly varied. Then, the
exposure operation for the above exposure area is again
started. Thus, the position of the image plane of the
reticle is different between a period before the interrup-
tion and a period after the interruption. The pressure
within the hermetically sealed vessel is controlled by
the multi-image using exposure control system de-
scribed in the EMBODIMENT 1V. The same patterns
as described in the EMBODIMENT 1V were formed
by the present embodiment, and it was confirmed that
the same results as in the EMBODIMENT IV were
obtained by the present embodiment.

As is evident from the above explanation, according
to the present invention, the effective focal depth in the
projection exposure method can be increased. Accord-
ingly, even when a projection lens having a large nu-
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merical aperture and producing a field curvature is used
and the topography of a substrate surface has a large
difference in height between the top and the bottom
thereof, a fine pattern can be formed accurately on the
substrate surface. An increase in focal depth due to the
present invention is dependent upon the lower limit of
image contrast capable of delineating a desired pattern,
and the above lower limit varies with the material and
process used. In a case where an exposure operation is
performed at two positional relations between a sub-

strate and the image plane of a mask pattern in accor-’

dance with the present invention, the focal depth is
about 70% larger than that in a conventional method.
Further, in a case where an exposure operation is per-
formed at three positional relations between the sub-
strate and the image plane of the mask pattern, the focal
depth is about 150% larger than that in the conventional
method. Further, when the contrast enhancement litho-
graphic method and a high-y photoresist material are
used to enhance the image contrast, the present inven-
tion can produce more favorable result.

Furthermore, even when a photoresist material
showing the reciprocity law failure is used, the present
invention can produce favorable results. In this case, a
change in solubility of the photoresist caused by inci-
dent light is not proportional to the quantity of light
incident on the photoresist material. That is, a change in
solubility of the photoresist material caused by an inci-
dent light quantity less than a threshold value, is very
small, and thus a sharp contrast can be obtained by the
above photoresist material.

When a reversible transmission film is formed on a
photoresist film before exposure operations according
to the present invention are performed, the reversible
transmission film acts as a film for selectively transmit-
ting exposure light, and thus the image contrast on the
photoresist film is improved, that is, very favorable
results are obtained. The term “reversible transmission
film" means a film which is opaque before the film is
illuminated with exposure light, becomes transparent
when the film is illuminated with the exposure light, and
becomes again opaque when the illumination of the film
with the exposure light is stopped. Further, the trans-
parency of the reversible transmission film depends
upon the quantity of exposure light. That is, when a
large quantity of exposure light is incident on the re-
versible transmission film, the transparency thereof is
high. While, when a small quantity of exposure light is
incident on the reversible transmission film, the film is
not so transparent.

In a case where a fine pattern is formed on a photore-
sist film, the intensity distribution of that fuzzy image of
a mask pattern which is formed in a plane spaced apart
from the image plane of the mask pattern, has the form
of a mountain with a gentle slope and a large foot, and
the peak intensity of the fuzzy image is weaker than that
of an image formed on the image plane.

The reversible transmission film interrupts a light
quantity less than a threshold value, and becomes trans-
parent when a light quantity exceeding the threshold
value is incident on the film. Moreover, when the illum-
ination of the film with light is stopped the film is re-
turned (or reset) to an original, opaque state. Accord-
ingly, when an exposure operation is performed a plu-
rality of times at different positional relations between
the image plane of a mask pattern and a photoresist film,
and an appropriate quantity of exposure light is used,
the fuzzy image of a mask pattern is interrupted by the
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reversible transmission film, and thus does not reach the
photoresist film. While, that image of the mask pattern
which is in focus, is formed on the photoresist film
through the reversible transmission film. Since the re-
versible transmission film is returned to the opaque state
when the illumination of the film with light is stopped,
the photoresist film is not affected by the fuzzy image.
Further, when an exposure operation is performed a
plurality of time at different positional relations be-
tween the image plate of a mask pattern and a photore-
sist film, that image of the mask pattern which is in
focus, is formed in the whole region of the photoresist
film, and the photoresist film is sensitive only to the
above image. That is, a problem that a fuzzy image of a
mask pattern is formed in a photoresist film on the basis
of a topography of a substrate surface or the field curva-
ture of a prohection lens, can be solved by the reversible
transmission film.

EMBODIMENTS VII

Referring to FIG. 7a, a photoresist material is applied
to a substrate 31 having a topography at the surface
thereof, to form a photoresist layer 32. Then, as shown
in FIG. 7b, a reversible transmission film 33 for trans-
mitting light selectively is formed on the photoresist
layer 32. The reversible transmission film 33 is formed
in such a manner that 4-dimethylamino-4'-nitroazoben-
zene is dissolved in an aqueous solution of polyvinyl
alcohol, and the solution thus obtained is applied to the
photoresist layer 32 by the spin coating method. The
reversible transmission film 33 has a thickness of about
0.5 um. However, the film 33 may have a different
thickness, provided that this film has desired functions.
An exposure operation is performed with the aid of a
projection aligner (not shown) to form an image of a
mask pattern in the photoresist layer 32, and then a
developing operation is performed. Thus, as shown in
FIG. 7c, a resist pattern 34 is formed. The exposure
operation is performed in the following manner. At
first, a stage mounted with the substrate 31 is disposed
so that the image plane of the mask pattern is placed at
the top 31’ of the topography formed on the surface of
the substrate 31, and a first exposure operation is per-
formed in this state. Then, the stage is moved in:the
direction of the optical axis of the projection aligner so
that the image plane of the mask pattern is placed on the
bottom 31" of the topography, and a second exposure
operation is performed in this state. In more detail, the
second exposure operation is performed when a time of
0.5 sec or more has elapsed after the first exposure oper-
ation was performed. The RA101HL-type reduction
projection aligner manufactured by Hitachi Ltd. is used
as the projection aligner, and an exposure wavelength
of 436 nm-is used.

According to the present embodiment, in a case
where the different in height between the top and the
bottom of the topography of the substrate surface was
equal to or greater than 2 um, a fine pattern having a
line width of 0.7 um was formed accurately at the top
and the bottom of the topography. While, according to
a conventional method, when the difference in height
greater than about 1.5 pm, a desired resolution was not
obtained.

In the present embodiment, the TSMR 8800 (trade
name) manufactured by Tokyo Ohka Kogyo Co. Ltd. is
used for forming the photoresist layer 32. However, the
photoresist layer 32 may be made of positive resist ma-
terials such as the MP 1400 (trade name) manufactured
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by Shipley Co., the OFPR 5000 (trade name) manufac-
tured by Tokyo Ohka Kogyo Co. Ltd, the
AZ1300SFD (trade name) manufactured by Hoechst A.
G., the Kodak 809 (trade name) manufactured by
Kodak Co., PMMA, PGMA, and PMIPK. Further, the
photoresist layer 32 may be made of negative resist
materials belonging to a polyvinyl-phenol group such as
the RD2000N (trade name) and the RUI000N (trade
name) both manufactured by Hitachi Chemical Co.
Ltd., or made of a negative resist material belonging to
a cyclorubber group such as the CBR (trade name)
manufactured by Japan Synthetic Rubber Co. Ltd. Fur-
ther, the present embodiment is also effective for a
three-layer resist structure and a two-layer resist struc-
ture. In the present embodiment, 4-dimethylamino-4'-
nitroazobenzene is used as a coloring material, such as
dye, contained in the reversible transmission film. Alter-
natively, the coloring material may be a substance
which has a reversible bleaching function and is se-
lected from azobenzene derivatives such as 3-
methylamino-4-nitroazobenzene,  4-nitroazobenzene,
4-dimethylaminoazobenzene and  3-methyi-4-dime-
thylamino-4'-nitroazobenzene, or spiropyran deriva-
tives. In the present embodiment, the coloring material
is dissolved in water. However, the solvent for dis-
solving the coloring material is not limited to water, but
may be one of a mixture of water and propanol, propa-
nol, a mixture of methylcyclohexane and toluene, and a
mixture of methylcyclopentane and methylcyclohex-
ane. In a case where the solvent erodes the photoresist
layer, it is necessary to provide an intermediate film
which is not dissolved in the solvent and does not erode
the photoresist layer, between the reversible transmis-
sion film and the photoresist layer. That is, when propa-
nol is used as the solvent, the intermediate film is made
of polysiloxane. When other solvents than propanol are
used, the intermediate film is made of per-
fluoropolyether or others. As mentioned above, the
second exposure operation is performed when a time of
about 0.5 sec. or more has elapsed after the first expo-
sure operation was performed. The time interval be-
tween the first and second exposure operations is deter-
mined by a time necessary for the coloring material to
return to an original state. Accordingly, the above time
interval varies with the coloring material, and can be
shortened by elevating the temperature of a structure
made up of the substrate, the photoresist layer and the
reversible transmission film.

In the present embodiment, immediately after the
second exposure operation has been performed, a devel-
oping operation is performed to obtain the resist pat-
tern. This is because an aqueous solution of tetramethyl
ammonium salt is used as a developer and a water solu-
ble film is used as the reversible transmission film, that
is, the reversible transmission film can be removed by
the developer. In a case where the reversible transmis-
sion film cannot be removed by the developer, it is
necessary to develope the photoresist layer after the
reversible transmission film has been removed. In the
present embodiment, the projection aligner includes a
projection lens having a numerical aperture of 0.38.
However, even when the projection lens has a different
numerical aperture, the present embodiment can exhibit
a remarkable effect.

Further, in the present embodiment, an exposure
wavelength of 436 nm is used. However, the exposure
wavelength is not limited to this value, but any wave-
length capable of bleaching the reversible transmission
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film can be used as the exposure wavelength. For exam-
ple, in a case where the coloring material contained in
the reversible transmission film is 4-dimethylazoben-
zene, an exposure wavelength of 405 nm is used.

EMBODIMENT VIII

Referring to FIG. 84, a photoresist material is applied
to a substrate 41 having a topography at the surface
thereof, to form a photoresist layer 42. Then, polysilox-
ane is applied to the photoresist layer, to form an inter-
mediate layer 43 as shown in FIG. 8b. Thereafter, as
shown in FIG. 8¢, a reversible transmission film 44 is
formed on the intermediate layer. The reversible trans-
mission film is formed in such a manner that 4-nitroazo-
benzene (that is, a coloring material is dissolved in pro-
panol (that is, a solvent), and the solution thus obtained
is applied to the intermediate layer by the spin coating
method. Then, an exposure operation is performed with
the aid of a projection aligner, and a pulsive beam
which is emitted from a XeCl excimer laser and has a
wavelength of 308 nm, is used as exposure light. An
exposure operation is performed in the following man-
ner. At first, an exposure operation is performed in a
state that a principal plane 45 of the surface of the sub-
strate 45 is placed at a position which exists under the
image plane of a projection optical system and is spaced
apart from the image plane a distance of 10 um. Then,
a stage mounted with the substrate is moved upwardly
along the optical axis of the projection optical system
by a distance of about 1 pm. Such movement of the
stage is repeated till the principal plane 45 of the sub-
strate surface reaches a position which exists over the
image plane of the projection optical system and is
spaced apart from the image plane a distance of 10 um,
and the exposure operation is performed each time the
stage is moved by a distance of 1 um.

Then, propanol is used for removing the reversible
transmission film 44, and xylene is used for removing
the intermediate layer 43. Thereafter, a developing
operation is performed. Thus, as shown in FIG. 84, a
resist pattern 46 is formed.

According to the present embodiment, a fine, sharp
pattern was formed accurately all over an exposure
area, even when the maximum difference in height be-
tween the top and the bottom of the topography of the
substrate surface was equal to 3 um, the maximum field
distortion of a projection lens was about 2 um, the
substrate was inclined to a reference plane so that the
variation in distance between the substrate and the ref-
erence plane was about 1 um, and thus the difference
between a maximum distance between the substrate
surface and the image plane of the projection optical
system and a minimum distance between the substrate
surface and the above image plane was about 6 um. For
example, a 0.45 pm line-and-space pattern was formed
with a precision of 0.1 um. While, according to the
conventional method, when the difference in height
between the top and the bottom of the topography of a
substrate surface was greater than about 2 um, a desired
resolution was not obtained at the top or bottom of the
topography. Further, even when the substrate surface
was flat, a desired resolution was not obtained in part of
a peripheral portion of the exposure area, because of the
field curvature of the projection lens. According to the
present embodiment, the reversible transmission film
functions as a contrast enhancement layer, and thus
edges of a resist pattern have a steeper slope than at
edges of a resist pattern according to the conventional
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method. For example, an edge portion of a resist pattern
formed in accordance with the present embodiment and
having a line width of 0.5 pm was inclined at 87° to a
bottom plane. While, an edge portion of a similar resist
pattern according to the conventional method was in-
clined at 82° to a bottom plane. Further, it is possible to
cause the bleaching characteristic of the reversible
transmission film to match with the sensitivity of the
photoresist layer by appropriately selecting the expo-
sure light quantity and the number of exposure opera-
tions, and hence the reversible transmission film can act
as an efficient contrast enhancement layer. According
to the present embodiment, although a fuzzy image of a
mask pattern is incident on the reversible transmission
film, a photoresist film is not affected by the fuzzy im-
age, but a favorable resist pattern can be formed.

In the present embodiment, the substrate 41 is moved
along the optical axis by a total distance of 21 pm. Even
when the accurate difference in height between the top
and the bottom of the topography of the substrate sur-
face, the accurate field curvature of the projection lens
and the accurate inclination of the substrate to the refer-
ence plane are not known, a favorable resist pattern will
be obtained, if the total moving distance of the substrate
is made large. In this case, however, a time necessary
for exposure is increased. Hence, the stage mounted
with the substrate is first disposed so that the highest
portion of the substrate surface is placed over the image
plane and is spaced apart therefrom a distance of about
1 um, and a first exposure operation is performed in this
state. Then, the stage is moved upwardly along the
optical axis by a distance of about 1 um, and such move-
ment is repeated till the image plane is placed in close
proximity to the lowest portion of the substrate surface.
Further, the exposure operation is performed each time
the substrate is moved by a distance of about 1 um. In
this case, the total moving distance of the substrate is
about 5 um, and thus a time necessary for exposure is
about one-fourth that in the present embodiment. In the
above, the substrate is moved by a distance of 1 um in
one moving operation. However, the moving distance is
not limited to this value, but the substrate may be
moved by a distance less than the focal depth of the
projection optical system. Further, it is not required to
move the substrate stepwise, but the substrate may be
moved continuously. When the substrate is moved by a
distance greater than the focal depth in one moving
operation, a desired resolution is not obtained at a por-
tion of the topography of the substrate surface. For
example, in a case where the substrate was moved by a
distance of 2 um, a desired resolution was not obtained
at a place where the difference in height between the
top and the bottom of the topography was equal to 3
pm.

In the present embodiment, the positional relation
between the image plane and the substrate surface is
changed by moving the stage. Alternatively, the above
positional relation may be changed by moving a reticle
which has a mask pattern, in the direction of the optical
axis, by introducing a transparent material different in
refractive index from air into an exposure optical sys-
tem, by changing the atmospheric pressure in the whole
or a portion of the exposure optical system, by using a
lens which has a muitiple focal point, by overlappling
light beams from a plurality of exposure optical systems
which form the image plane of a mask pattern in differ-
ent planes, or by using different wavelengths or a con-
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tinuous wavelength in the same exposure optical sys-
tem.

In the present embodiment, 4-nitroazobenzene is used
as the coloring material contained in the reversible
transmission film. However, the coloring material is not
limited to the above substance, but azobenzene deriva-
tives including azobenzene, and spiropyran derivatives
may be used as the coloring material. In this case, the
reversible transmission film can produce the same effect
as in the present embodiment.

EMBODIMENT IX

A three-layer resist structure is formed on the top and
the bottom of a topography which is formed on a sub-
strate surface and has a steep slope and a height of 10
pm. That is, an organic film, an inorganic film and a
resist film are formed as the bottom, middle and top
layers of the three-layer structure, respectively. There-
after, as in the EMBODIMENT VIII, an intermediate
film and a reversible transmission film are formed. Next,
an exposure operation is performed, and then the re-
versible transmission film and the intermediate film are
successively removed. Thereafter, a developing opera-
tion is performed to form a resist pattern in the top
layer. Then, anisotropic etching is carried out to form a
three-layer resist pattern.

According to the present embodiment, a 0.5 pm line-
and-space resist pattern was accurately formed not only
at a boundary between the top and the bottom of the
topography but also at the top and the bottom of the
topography. While, according to the conventional
method, the resist pattern was formed accurately only
at the top or bottom of the topography.

In the present embodiment, the organic film serving
as the bottom layer is formed in such a manner that the
RB3900B (trade name) manufactured by Hitachi Chem-
ical Co. Ltd. is applied to the substrate surface by the
spin coating method, and then subjected to a heat treat-
ment at about 200° C. Alternatively, the bottom layer
may be formed of any one of various films which can be
used as the bottom layer of the three-layer resist struc-
ture, such as a heat-treated ordinary resist film and a
poly-imide film. The inorganic film serving as the mid-
dle layer is formed of an SiO; layer which is obtained by
the SOG (spin on glass) method. Alternatively, the
middle layer may be formed of any one of various films
capable of acting as the middle layer of the three-layer
resist structure .such as an SiO; film due to chemical
vapor deposition, an SiN film due to sputtering, and a
TiOx film due to sputtering. In the present embodiment,
the three-layer resist structure is used. However, a two-
layer resist structure may be used in place of the three-
layer resist structure. In this case, the same effect as in
the present embodiment can be obtained.

EMBODIMENT X

A 0.35 pm line-and-space resist pattern was formed
on a flat substrate surface by a method similar to the
method mentioned in the EMBODIMENT VIII but
different therefrom in that the substrate was moved by
a distance of about 0.5 um in one moving operation.

It was confirmed that the above pattern was formed
accurately all over an exposure area. While, according
to the conventional method, the above pattern was
accurately formed only in about 70% of the exposure
area.

According to a method similar to the present embodi-
ment, the effective focal depth of a projection optical
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system is equal to the total moving-distance of the sub-
strate, and thus can be readily increased to a desired
value.

EMBODIMENT X1

A through hole pattern for electrical connection and
a wiring pattern were formed on the top and the bottom
of a surface topography having a height of about 2 pm,
in accordance with the present invention, and it was
confirmed that the conduction failure in the through
hole pattern and the disconnection and short in the
wiring pattern were completely prevented, and the
production yield was increased from about 60% to
about 80%.
. When a photoresist film showing the reciprocity law
" failure is used in a pattern forming method according to
the present invention, a favorable resist pattern can be
obtained which is excellent in image contrast. In more
detail, when a photoresist material showing the reci-
procity law failure is used for forming the photoresist
film, a change in solubility of the photoresist film caused
by incident light is not proportional to the quantity of
light incident on the photoresist film. That is, the sensi-
tivity of the photoresist film increases as the exposure
time is shorter and the intensity of exposure light is
stronger. Thus, in a case where the intensity of exposure
light is weak, the photoresist film will be insensitive to
exposure light, even if a large quantity of exposure light
is incident on the photoresist film. Accordingly, when
an exposure operation is performed a plurality of times
at different positional relations between the image plane
of a mask pattern and a substrate, and the intensity of
exposure light is appropriately set, the photoresist film
is not sensitive to a fuzzy image of the mask pattern
because of the weak light intensity of the fuzzy image,
but is sensitive only to that image of the mask pattern
which is in focus, because of the strong light intensity of
the image in focus. When the photoresist film is exposed
to the fuzzy image a plurality of times, the total light
quantity due to the fuzzy image may become greater
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than the light quantity due to the image in focus. How- -

ever, owing to the reciprocity law failure of the photo-
resist film, that is, owing to the fact that the sensitization
phenomenon at the photoresist film is dependent upon
only the intensity of exposure light, the photoresist film
is sensitive only to the image in focus.

According to the present invention, an exposure op-
eration is performed a plurality of times at different
positional relations between the image plane of a mask
pattern and a substrate surface. Accordingly, that image
of the mask pattern which is in focus, can be formed in
a desired portion of the photoresist film by one of the
plural exposure operations, and the photoresist film is
selectively sensitive to the image in focus. Thus, a fuzzy
image of the mask pattern due to the topography of a
substrate surface and a fuzzy image of the mask pattern
due to the field curvature of a projection lens will not
exert any adverse effect on a resist pattern.

EMBODIMENT XII

Referring to FIG. 9a, a photoresist material is applied
to a substrate 51 having a topography at the surface
thereof, to form a photoresist layer 52. The OMRS3
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(trade name) manufactured by Tokyo Ohka Kogyo Co.

Ltd. is used as the photoresist material, and is applied to
the substrate so as to have a thickness of about 0.4 um
at a flat area of the substrate surface, for the purpose of
obtaining a high resolution. However, the thickness of
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the photoresist layer is not limited to the above value,
but can take any value in accordance with a desired
resolution. FIG. 10 shows a relation between the inten-
sity of exposure light and the sensitivity of the OMRS&3.
As shown in FIG. 10, the sensitivity of the OMRS3
increases abruptly when the intensity of exposure light
becomes greater than 2.5 mW/cm2.

Referring back to FIG. 9a, mask patterns and $4' on
a mask 53 are projected on the photoresist layer 52 by a
projection lens 55, to perform an exposure operation.
The exposure operation is performed in the following
manner. At first, a stage mounted with the substrate 51
is disposed so that the image 56 of the mask pattern 54
is placed on that portion 57 of the photoresist layer 52
which exists at the top of the topography, and a first
exposure operation is performed in this state. Then, the
stage is moved in the direction of the optical axis of a
projection aligner so that, as shown in FIG. 9b, the
image 56' of the mask pattern 54’ is placed on that por-
tion 58 of the photoresist layer 52 which exists at the
bottom of the topography, and a second exposure oper-
ation is performed in this state. In the above exposure
processing, the RA101VL-type reduction projection
aligner manufactured by Hitachi Ltd. is used as the
projection aligner, and the intensity of exposure light is
set to about 5 mW/cm2. Further, an exposure wave-
length of 365 nm is used, and a projection lens having a
numerical aperture of 0.42 is used. Thereafter, a devel-
oping operation is performed to form a resist pattern.

According to the present embodiment, even when
the difference in height between the top and the bottom
of the topography was greater than 3 um, a 0.6 pm
line-and-space resist pattern was formed accurately at
the top and the bottom of the topography. While, ac-
cording to the conventional method, when the differ-
ence in height between the top and the bottom of a
topography became greater than about 2 pum, it was
impossible to form the above pattern accurately.

When the photoresist layer is exposed to a nitrogen
rich atmosphere, the sensitivity of the photoresist layer
is. improved for a strong intensity of exposure light.
When the photoresist layer is exposed to an oxygen rich
atmosphere, the sensitivity of the photoresist layer be-
gins to increase at a relatively weak intensity of expo-
sure light. In other words, when the photoresist layer
showing the reciprocity law failure is used, a desired
light intensity can be used in an exposure operation by
controlling the oxygen content of the atmosphere. This
is because the sensitization mechanism of the OMRS3
showing the reciprocity law failure is mainly based
upon the diffusion of oxygen from air into the OMR83.
Similarly, a desired light intensity can be used in an
exposure operation by forming a film which is made of
a material low in oxygen permeability such as polyvinyl
alcohol and has an appropriate thickness, on the photo-
resist layer made of the OMRAS3.

In the present embodiment, the OMRS3 is used for
forming the photoresist layer. Alternatively, the photo-
resist layer may be made of one of photoresist materials
showing the reciprocity law failure such as the
ONNR20 (trade name) manufactured by Tokyo Ohka
Kogyo Co. Ltd., the KTFR (trade name) and the KPR
(trade name) both manufactured by Kodak Co., the
CBR (trade name) manufactured by Japan Synthetic
Rubber Co. Ltd., and cyclorubberbisazide. Further, a
positive photoresist material showing the reciprocity
law failure can be used to form a photoresist layer, and
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can produce the same effect as a negative photoresist
material showing the reciprocity law failure.

In the present embodiment, an exposure wavelength
of 365 nm and a projection lens having a numerical
aperture of 0.42 are used. However, the exposure wave-
length and the numerical aperture of projection lens are
not limited to these values. For example, light emitted
from an eximer laser and having a shorter wavelength
may be used as exposure light. Further, a single-layer
resist structure is used in the present embodiment. Al-
ternatively, a multi-layer resist structure may be used.
Further, a contrast enhancement layer may be addition-
ally provided.

EMBODIMENT XIII

As in the EMBODIMENT XII, a photoresist mate-
rial is applied to a substrate having a topography at the
surface thereof, and then exposure and developing op-
erations are performed to form a resist pattern. The
photoresist material and the state of a photoresist layer
are the same as mentioned in the EMBODIMENT XII,
but the exposure operation is different from that men-
tioned in the EMBODIMENT XIL

At first, an exposure operation is performed in a state
that a principal plane of the surface of the substrate is
placed at a position which exists under the image plane
of a projection optical system and is spaced apart from
the image plane a distance of about 4 um. Then, a stage
mounted with the substrate is moved upwardly along
the optical axis of the projection optical system by a
distance of about 2.5 um. Such movement of the stage is
repeated till the principal plane of the substrate surface
reaches a position which exists over the image plane and
is spaced apart therefrom a distance of about 5 pwm, and
the exposure operation is performed each time the stage
is moved by a distance of about 2.5 um.

According to the present embodiment, a fine resist
pattern, for example, a 0.6 pum line-and-space resist
pattern was formed accurately all over an exposure
area, even when the difference in height between the
top and the bottom of the topography of the substrate
surface was about 3.5 um, the maximum field distortion
of a projection lens was about 2 um, the substrate sur-
face was inclined to a reference plane on the basis of the
non-uniform thickness of the substrate so that the varia-
tion in distance between the substrate surface and the
reference plane was about 1 pum, and thus the difference
between a maximum distance between the substrate
surface and the image plane of the projection optical
system and a minimum distance between the substrate
surface and the above image plane was about 6.5 pm.
While, according to the conventional method, when the
difference in height between the top and the bottom of
the topography of a substrate surface was greater than
about 3 um, a desired resolution was not obtained at the
top or bottom of the topography, and thus a favorable
resist pattern was not formed. Further, even when the
substrate surface was flat, a desired resolution was not
obtained in part of a pheripheral portion of the exposure
area, because of the field curvature of the projection
lens and the inclination of the substrate surface to the
reference plane.

In the present embodiment, the substrate is first dis-
posed so that the principal plane of the the substrate
surface is placed at a position which exists under the
image plane of the projection optical system and spaced
apart from the image plane a distance of about 4 pm, to
perform a first exposure operation. Then, the substrate
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is successively moved upwardly, and an exposure oper-
ation is performed each time the substrate is moved by
a predetermined distance. Alternatively, the substrate is
first disposed so that the highest portion of the substrate
surface (namely, that portion of the substrate surface
which is nearest to a projection lens) is placed at a posi-
tion which exists over the image plane and is spaced
apart therefrom a distance of about 2 pm, to perform a
first exposure operation, and then the substrate is suc-
cessively moved upwardly, to perform an exposure
operation each time the substrate is moved by a prede-
termined distance. In this case, also, a favorable resist
pattern can be obtained. Further, the substrate may be
first disposed so that the lowest portion of the substrate
surface is placed at a position which exists under the
image plane and is spaced apart therefrom a distance of
about 2 um, to perform a first exposure operation, and
then the substrate is successively moved downwardly,
to perform an exposure operation each time the sub-
strate is moved by a predetermined distance. In this
case, also, a favorable resist pattern can be obtained. In
these methods, the highest or lowest portion of the
substrate surface is first spaced apart from the image
plane a distance of about 2 pm. However, the distance
between the highest or lowest portion of the substrate
surface and the image plane is not limited to 2 wm, but
the above distance may be set to a desired value less
than the focal depth of the projection optical system.
When the above distance is greater than the focal depth,
a favorable resolution is not obtained in a portion of the
exposure area.

In the present embodiment, the positional relation
between the image plane and the substrate surface is
changed by moving the stage which is mounted with
the substrate. Alternatively, the above positional rela-
tion may be changed by moving a reticle which has a
mask pattern, in the direction of the optical axis, by
introducing a transparent material which is different in
refractive index from air, into an exposure optical sys-
tem, by changing the atmospheric pressure in the whole
or a portion of the exposure optical system, by using a
lens which has a multiple focal point, by overlapping
light beams from a plurality of exposure optical systems
which form the image plane of a mask pattern in differ-
ent planes, or by using different wavelengths or a con-
tinuous wavelength in the same exposure optical sys-
tem.

We claim:

1. A method of forming a pattern comprising the
steps of:

exposing a desired portion of a photoresist film in

accordance with a mask pattern by a reduction
projection aligner to change the solubility of the
exposed portion, the photoresist film being formed
on a surface of a semiconductor substrate, the sur-
face of the substrate having a topography, an expo-
sure operation for exposing the desired portion of
the photoresist film being performed in such a man-
ner that a plurality of reduced images of the same
mask pattern are formed at a plurality of different
positions spaced apart from each other in the direc-
tion of the optical axis of the reduction projection
aligner; and

developing the photoresist film to form a pattern of

the photoresist film;

wherein the exposure operation is performed after a

reversible transmission film has been formed on the
photoresist film.
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2. A method of forming a pattern as claimed in claim

1, wherein the exposure operation is performed twice,

and the second exposure operation is performed after

the reversible transmission film which was subjected to

the first exposure operation, has returned to an original
state.

3. A method of forming a pattern as claimed in claim

1, wherein the reversible transmission film contains at

least one coloring material selected from a group con-

sisting of 4-dimethylamino-4'-nitroazobenzene, 3-

methylamino-4-nitroazobenzene,  4-nitroazobenzene,
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4-dimethylaminoazobenzene,
thylamino-4'-nitroazobenzene.

4. A method of forming a pattern as claimed in claim
3, wherein the coloring material is dissolved in one
solvent selected from a group consisting of a mixed
solution of water and polyvinyl alcohol, a mixed solu-
tion of water and propanol, propanol, a mixed solution
of methylcyclohexane and toluene, and a mixed solution
of methylcyclopentane and methylcyclohexane.

5. A method of forming a pattern as claimed in claim
1, wherein the reversible transmission film is formed on

the photoresist film by the spin coating method.
* * * * *

and 3-methyl-4-dime-



